To reexamine the role of albumin in cellular uptake of long chain fatty acids, we measured I3HIoleate uptake by isolated hepatocytes, adipocytes, and cardiac myocytes from incubations containing oleate/albumin complexes at molar ratios from 0.01:1 to 2:1. For each ratio the uptake was studied over a wide range of albumin concentrations. In all three cell types and at any given oleate/albumin ratio, the uptake appeared saturable with increasing concentrations of oleate:albumin complexes despite the fact that the unbound oleate concentration for each molar ratio is essentially constant. However, the "K."' but not the "V,,,,C" of these pseudosaturation curves was influenced by substrate availability. At low albumin concentrations, uptake velocities did not correlate with unbound oleate concentrations. However, observed and expected uptake velocities coincided at albumin concentrations approaching physiologic levels and were a saturable function of the oleate/albumin ratios and the consequent unbound oleate concentrations employed. Hence, under the experimental conditions employed in this study using a variety of suspended cell types, oleate uptake kinetics were consistent with the conventional theory at physiologic concentrations of albumin.
Introduction
The uptake of albumin bound ligands such as fatty acids, bilirubin, bile acids, hormones, and many xenobiotics is a complex process involving several discrete but interrelated steps: namely, dissociation from albumin, transport across the plasma membrane, binding to cytoplasmic proteins, metabolism, and/or excretion (1) . Even though in many tissues, such as the heart and adipose tissue, the capillary endothelium represents a barrier to ligand extraction by the parenchymal cells, uptake rates in vivo are substantial (2, 3) . In the liver, the fenestrations connecting the sinusoid with the space of Disse allow free contact between albumin/ligand complexes in the circulation and the hepatocellular surface. In either case, how-ever, cells do not appear to internalize albumin at a significant rate (4) (5) (6) . Therefore, dissociation of the albumin ligand complex must precede ligand uptake.
According to the conventional theory of cellular uptake, only unbound ligand participates in the uptake process (7) (8) (9) . Since the fraction of the total ligand present at any time in unbound form is extremely small, the dissociation rate of ligand/albumin complexes would have to be fast enough to match ligand uptake rates. Thus, it is assumed that virtually instantaneous equilibration occurs between bound and unbound ligand. The conventional theory was first challenged by Baker and Bradley (10) , who concluded that hepatic sulfobro- (12) . Although provocative, these issues went almost unnoticed for ten years until more recent observations confirmed and expanded the controversy. In 1981, virtually simultaneously, Weisiger et al. and Forker and Luxon highlighted other apparent pitfalls of the traditional theory ( 13, 14) . They reported, inter alia, that hepatic uptake velocity for several ligands (a) exceeded the reported in vitro dissociation rates of the corresponding albumin/ligand complexes; (b) appeared to be a function of total rather than unbound ligand; (c) was apparently competitively inhibited by the addition of uncomplexed albumin; and (d) appeared to saturate with increasing albumin rather than ligand concentrations (13) (14) (15) (16) (17) (18) . These authors interpreted their kinetic data as indicating some form of facilitated dissociation of the albumin ligand complexes, mediated either by a specific albumin receptor or by a nonspecific interaction between albumin and the cell surface. Even though many studies have confirmed the validity of these observations, employing a variety of albumin bound ligands and many experimental settings (19) (20) (21) (22) (23) (24) (25) , their interpretation has been the cause of much confusion and uncertainty. While accumulating evidence has made it unlikely that the hepatocyte surface bears a discrete albumin receptor (26) (27) (28) (29) (30) , aspects of the relevant data still seem inconsistent with the conventional model (31, 32). Cellmediated dissociation of albumin ligand complexes (33) , the presence of a large unstirred water layer in the space of Disse (34) and dissociation limited availability of substrate (27, [35] [36] [37] are the principal alternative theories proposed to explain the observed kinetics.
Although this issue has been the subject of intensive investigation, one free, livers were perfused for 15 min at 37°C with the same solution containing Ca2+, 0.05% collagenase, and 0.001% trypsin inhibitor. Hepatocytes were then separated by gentle scraping, differential centrifugation and filtration through nylon mesh. Cells were resuspended (-2 X 106/ml) in Hanks' solution, containing 10 mM Hepes pH 7.4 (HH buffer). Hepatocyte preparations met previously established viability criteria (40). In particular, viability was 2 90% when assessed by the trypan blue exclusion test. Adipocytes were isolated by digestion of epididymal fat pads with collagenase for 45 min at 37°C. After filtration through nylon mesh the cells were washed and resuspended in Krebs-Ringer Hepes pH 7.4 (KRH buffer) at a concentration of 1 I X 106 cells/ml and viability assessed by the insulin-stimulated lipogenesis assay as previously reported (42) . By this technique there was no loss of viability between freshly isolated adipocytes and those incubated for up to 2 h. Cardiac myocytes were isolated from dogs ( I-2-yrold beagles) by collagenase perfusion in the presence of CaCI2 and resuspended in HH buffer (-0.8 X 106 cells/ml) until use (43, 44) .
When tested, -85-90% of cardiac myocytes excluded trypan blue; of these up to 80% retained the rod shape. Ultrastructural, pharmacologic, and electrophysiologic features of this preparation have been reported elsewhere (43) .
Oleate uptake studies. The uptake of oleate was studied in the three different cell types by a rapid filtration technique as described in detail elsewhere (40, 41, 44, 45 Unbound oleate concentrations. For each oleate/albumin molar ratio (a) studied, the equilibrium concentration of unbound oleate was calculated by the stepwise equilibrium method as described by Spector et al. (46, 47) , and programmed for digital computer by Wosilait and Nagy (48) . Since the pertinent equations constitute a simplifying model that does not take into account cooperativity effects and assumes that the reactants have ideal activities we sought to confirm these calculated values (see Table I ), by determining actual unbound oleate concentrations at each v up to 2:1 employing the n-heptanewater partition method originally described by Goodman (49) . Experimentally determined results (n = 8) were in good agreement with calculated values; when measured values over a wide range of v were plotted against calculated values, the slope did not differ from unity (P > 0.1), and the data were highly correlated (r = 0.996). Furthermore, additional studies indicated that unbound oleate concentrations were essentially constant (within the limits of experimental error) for any tested v as predicted by the stepwise equilibrium method and the ratio of the unbound oleate concentration measured at the lowest albumin concentration (16 ,uM) to that measured at the highest albumin concentration (600 MM) was 1.0±0.1.
Data analysis. Where indicated data were fitted directly to the Michaelis Menten equation using the Simulation, Analysis and Modeling (SAAM) program of Berman and Weiss (50) on the IBM mainframe computer system ofthe City University ofNew York. Statistical differences between groups were assessed by the unpaired t test. ear relationship3 between changes in v (and consequent unbound oleate concentration) and oleate uptake velocity is not observed at low concentrations of oleate/albumin. For example, as illustrated in Fig. 2 , at a final total oleate concentration of 10 ,M, increasing albumin from 25 to 40 ,M, thereby decreasing v from 0.4:1 to 0.25:1, decreases uptake by only 17%; a further increase in albumin to 100 MM (v decreasing from 0.25:1 to 0.1:1) results in an additional decrease in oleate uptake velocity of 23%. Overall, as v decreases from 0.4:1 to 0.1:1, uptake velocity decreases by 37.5%. Hence, at 10 ,M oleate, the observed decreases in uptake velocity with decreasing values of v are substantially smaller than the corresponding decreases in the equilibrium unbound oleate concentration. However, the discrepancies between observed uptake velocities and those predicted from the equilibrium unbound oleate concentrations are progressively reduced as the concentration ofoleate/albumin complex increases, (see for example in Fig. 2 the relationship between uptake values at different v for 50 or 100 AM oleate concentration) until at oleate/albumin concentrations yielding maximal uptake velocities (" Vmax'S") for the v in question, the observed and predicted uptake velocities coincide (Fig. 3) .
In the example illustrated in Fig. 2 (Fig. 4) unbound ligand fraction is the pool from which uptake occurs; and (b) the bound fraction equilibrates virtually instantaneously with the unbound fraction, thus serving as a constant reservoir of substrate for future uptake. These two assumptions (7-9), are the essential basis for what is referred to as the "conventional model" for cellular uptake. Within the past 15 years, each ofthese assumptions has been challenged by experimental observations. The equilibrium binding constants for the binding to albumin of such compounds as BSP and fatty acids were determined in the 1960s (10) . At that time classic studies by Spector and associates (46) recognized that the numerous different classes of fatty acid binding sites on the albumin molecule, each with its own affinity for fatty acid molecules, served to buffer the concentration of unbound ligand in solutions containing both fatty acids and albumin. The equilibrium concentration of unbound ligand was determined principally by the molar ratio of fatty acid to albumin, and was, over a very wide range of concentrations, virtually independent of the absolute concentrations of either. Methodologic advances in the 1970s made it possible to measure the spontaneous unidirectional dissociation rates of the albumin complexes of compounds such as long chain fatty acids and bilirubin (51-53), thus obtaining more information about the kinetics of ligand/ protein interactions than had been obtainable from the previously available measurements of equilibrium association or dissociation constants. Hepatic (56), and other ligands (19) (20) (21) (22) (23) (24) (25) were reported. When these data were considered in the light of the previously determined "off rates" for the corresponding ligand/albumin complexes (51-53), both groups concluded that bound as well as free ligand participated in the uptake process through interaction of ligand/albumin complexes with the cell surface, thereby amplifying and conceptualizing hypotheses previously suggested by Baker and Bradley (10), Bloomer et al.
(1 1), and Anwer et al. (12) . The precise mechanism for the surface-mediated dissociation of ligand/albumin complexes proposed by Forker and associates ( 14) was not defined, but a variety ofalternative explanations for the kinetic observations, including nonequilibrium binding of ligand to albumin and the effects of an unstirred water layer in Disse's space were considered but rejected on the basis of detailed mathematical analysis (33) . Weisiger, Gollan, and Ockner postulated the existence on the liver cell surface of a specific albumin receptor, which was presumed to facilitate ligand uptake by accelerating dissociation of ligand/albumin complexes, perhaps through a conformational change in the albumin molecule (13, 15 Uptake values shown in Fig. 5 were fitted to the Michaelis Menten equation as described in Methods. Data (mean+SD, n = 3) are expressed as picomoles/minute per 5 X 104 cells (" Vmax") or ,AM oleate/albumin ("Km"). * Respective low, medium and high substrate volumes for hepatocytes and cardiac myocytes were 50, 500, 1,000 ul and for adipocytes 100, 500, 950 Al. Cell volume was constant in all experiments (100 ,l for hepatocytes and cardiac myocytes and 50 ,ul for adipocytes).
receptor was postulated in part because of studies which seemed to indicate that in perfusions employing various concentrations of 1:1 oleate/albumin complexes, oleate uptake was saturable at oleate concentrations that failed to produce saturation in the presence of a fixed albumin concentration (i.e., using variable v). In support of the albumin receptor and surface mediated dissociation hypotheses, albumin was reported to bind to liver cells and adipocytes with moderate affinity (13, 57) . Other studies, however, failed to demonstrate specific binding of albumin to isolated rat hepatocyte plasma membranes or to identify in such membranes a protein with high affinity for albumin (26) . We (23) and others (19, 58) have previously reproduced in isolated hepatocytes the kinetic observations initially reported in the perfused rat liver (13) , thus demonstrating that they were not in some way dependent on an intact lobular architecture. Analogous results have been observed in hepatocyte monolayer cultures (21) . They have also been reproduced with binding proteins such as f3-lactoglobulin (23) and ligandin (28) , demonstrating that they are not albumin specific. In the present report we find patterns of oleate uptake with respect to albumin concentration and v in isolated rat adipocytes and cardiomyocytes virtually identical to those in hepatocytes, confirming observations in heart (25), brain (24), and uterus (22) that these kinetic patterns are not even liver specific, and that they occur in tissues in which, unlike the fenestrated hepatic sinusoidal endothelium, the continuous capillary endothelium poses a barrier to the extravascular diffusion of circulating ligand/albumin complexes. Most importantly, the data in Figs. 3 and 4 clearly indicate that at physiologic concentrations of albumin (3.5-5 g or 500-700 ,M), oleate uptake into cell suspensions of each of the cell types studied is a saturable function of the equilibrium unbound oleate concentration; i.e., at physiologic albumin concentrations the conventional model applies.
Whether these results, obtained in isolated cell suspensions, apply to intact tissues remains to be established. Our studies were conducted at nominal volumes ofcells: fluid ofup to 2:1 in contrast to ratios of 5-6:1 in intact liver, and possibly greater in myocardium and adipocytes. Although these differences may be offset by the fact that plasma in tissue is constantly replenished by perfusion, not static as in the present studies, replication of our studies in perfused organs would be of considerable interest.
Some comments regarding the choice of the data analysis employed in this study are necessary. The uptake data obtained at a fixed v (Fig. 1) were fitted by a simple rectangular hyperbola for various reasons. First, such data have historically been analyzed by the Michaelis-Menten equation and interpreted as reflecting the saturation of an albumin receptor (see for example references 13 and 25). Second, the regression procedure provides a convenient method to describe the data from a phenomenological point of view; the experimental data in question are fully consistent with a rising portion followed by a final flat asymptote, although not distinguishable statistically from an alternative fit in which the asymptote has a small positive slope. For this reason, the final portion of the curves shown in Fig. 1 cannot, per se, be used to exclude the possibility that a small portion of oleate uptake is linearly dependent on albumin concentrations. At albumin concentrations of 2 500 ,M the upper bound of this component would be s 10% of the total uptake for all three cell types at any v, as indicated by calculated deviations from a linear Augustinsson plot. In this albumin concentration range however, the percent deviation of the uptake data from the flat asymptote, while slightly positive, is not statistically different from zero ( 10+16, 8±12, and 1±9% for hepatocytes, adipocytes, and cardiac myocytes, respectively). Thus, although we cannot exclude that at physiologic albumin concentrations oleate uptake may be in small measure dependent on albumin concentrations these data provide no definitive evidence for such a component, and suggest that, if present, it may be very small. Most importantly, we believe that the experimental data themselves are self-consistent, and can be interpreted independently of mathematical assumptions implicit in the data fitting procedure employed. This is best exemplified by an examination of Fig. 2 ; it is clear that the data per se indicate that at low oleate/albumin concentrations the uptake observed upon shifting from a given v to a lower one is much greater than that expected on the basis of the new unbound oleate concentration. The discrepancy, however, diminishes with increasing oleate/albumin concentrations until it virtually disappears at physiologic or quasiphysiologic albumin concentrations. In fact, qualitatively and quantitatively similar results could be obtained by using the raw uptake data rather than the " Vmax" at albumin concentrations -600 gM. Thus, the ratio observed/expected oleate uptake is 1 (see Fig. 3 ) and likewise, a plot of the uptake data obtained at 600 gM albumin vs. the respective unbound oleate concentrations also yields a rectangular hyperbola with resulting Vma, and Km values virtually identical to the ones obtained using the " Vmax" values represented in Fig. 4 (59) is a saturable process with respect to the concentration of unbound fatty acid has, in fact, been documented in the years since 1981 (45); it could even be inferred from the data in the original publication proposing an albumin receptor (13) were the uptake values obtained at different v plotted versus the unbound rather than the total oleate concentration (Fig. 6 ). Moreover, elegant competition studies by Goresky and colleagues (60) (61) (62) (64) , adipose tissue (41), and heart (44, 65) and distinct both structurally and immunologically from the 12-14-kD cytosolic fatty acid binding proteins (FABPc's) described previously in these tissues (66) . Nevertheless, the precise nature of the membrane carrier system(s) and its driving forces remain to be established (67, 68) .
Virtually all the observations concerning fatty acid uptake not consistent with the conventional model have, in retrospect, been made at low, nonphysiologic concentrations of albumin (13, 21) . In our own studies (Fig. 3) , the lower the albumin concentration, the more the uptake velocities deviate from those predicted by the conventional model on the basis of the equilibrium unbound oleate concentrations. The physiologic significance of such observations is uncertain, however, they are reproducible and thus may require an explanation.
A partial explanation is suggested by the data in Fig. 5 apparent saturation of oleate uptake that occurs (despite a constant equilibrium unbound oleate concentration) when the oleate concentration is increased at a fixed v obviously does not reflect true saturation of an uptake mechanism. The "Km's" ofthe pseudosaturation curves illustrated in Figs. 1 and 2 are a function of substrate availability: they decrease with increasing volumes of substrate added to a fixed number of cells (Fig. 5) and with a decreasing number of cells added to a fixed volume of substrate (data not shown). By contrast, the " Vmax'5'" of these same curves were independent of the substrate to cell volume ratio, and appear to reflect the capacity of the plasma membrane transport system to take up oleate at a given concentration of unbound ligand when substrate availability is not rate limiting.
If the substrate for fatty acid uptake is unbound ligand adjacent to the cell surface, two possible mechanisms have been proposed that might explain limited availability of substrate at low concentrations of albumin/ligand complexes in the bulk medium. The first is dissociation limited availability of unbound ligand, with resulting disequilibrium between bound and unbound ligand pools. Although more recent estimates ofligand/albumin dissociation rates (69) are appreciably faster than those reported a decade ago (53) , detailed analyses by Jansen (35) and more recently by Weisiger (36) , show that this possibility cannot be dismissed. Indeed, the mathematical model presented by Weisiger is generally consistent with our experimental data, in that it predicts that albumin concentrations govern the transition between "extrinsically limited" and "intrinsically limited" (i.e., between available substrate limited or membrane transport limited) uptake. However, whether the dependence of uptake on the cell to substrate volume ratio (Fig. 5 ) reflects dissociation limited uptake or some other phenomenon is uncertain, since substrate depletion in our studies never exceeded 5% even at the lowest volumes of substrate used. The second possible mechanism relates to the unstirred water layer which presumably surrounds every cell (70) . Due to their small concentration, the flux of unbound ligands such as long chain fatty acids across a nonequilibrium atmosphere surrounding the cell surface may be smaller than that of albumin ligand complexes (34) . A role for unstirred water layers in producing the observed kinetic effects, once dismissed (33), has been revived by a new and detailed mathematical analysis by Bass and Pond (34, 71, 72 ). Indeed, these two possible mechanisms are not mutually exclusive. Both may contribute, along with some form of nonspecific surface-mediated dissociation process (14, 17, 71, 73) to the patterns of uptake kinetics observed at unphysiologically low concentrations of albumin. Indeed, our studies cannot rule out the possibility that such a mechanism may also exist at physiologic albumin concentrations. The nature of our data suggests that its contribution to oleate uptake under these conditions, if any, may be small. Likewise, whether findings quantitatively similar to those reported in this paper apply to other classes of albumin bound ligands and to other settings cannot be inferred (74) . However, various authors have recently offered explanations, also generally consistent with the conventional model, for apparent paradoxes in the hepatic uptake of different organic anions (75, 76). Furthermore, other studies suggest that changes in plasma albumin concentrations normally encountered in vivo may have little effect on the intrinsic elimination of drugs (77) .
In summary, the present study clearly demonstrates that at 
